All alphaherpesviruses, including the human pathogens herpes simplex virus and varicella-zoster virus or the animal herpesviruses such as bovine herpes virus type 1 and pseudorabies virus (PRV) are pantropic viruses. However, in their natural hosts, alphaherpesviruses are parasites of the peripheral nervous system and they rarely invade the central nervous system. Generally, the infection initiates at peripheral tissues such as the mucosal epithelial layer and subsequently spreads into the peripheral nervous system that innervates the primary site of infection. Following long-distance movement to the neuronal cell bodies in axons, the viral genome enters the nucleus, where it remains latent. When a latent infection is reactivated days, months, or even years after the initial infection, the newly replicated genomes will be assembled into capsids and transported back to the original site of infection, where infectious particles are produced that can spread to other hosts (20) . This long-distance, bidirectional movement of the viral genome in axons utilizes the microtubule-based fast axonal transport machinery (54) (55) (56) 59) .
New technology using fluorescent fusion proteins in conjunction with time-lapse microscopy has allowed us to visualize the axonal localization of viral proteins at various stages of infection. However, the molecular mechanisms of directional transmission of infection from nonneuronal epithelial cells to peripheral nervous system neurons, from peripheral nervous system neurons to central nervous system neurons, and from peripheral nervous system neurons to nonneuronal cells have been difficult to study simply because of the lack of facile in vitro systems that recapitulate the complicated biology of transneuronal infection. For example, we and others discovered that anterograde spread of infection of PRV and bovine herpesvirus type 1 in animal models is regulated by expression of at least three viral membrane proteins, gE, gI, and Us9 (1, 6, 10, 13, 14, 57, 62) . However, the kinetics of spread as well as the variability and extent of the defect have not been studied in detail for any viral mutant. In the context of in vivo transneuronal spread, anterograde spread is defined as transfer of infection from the infected presynaptic cell to the uninfected postsynaptic cell and retrograde spread is from the infected postsynaptic cell to an uninfected presynaptic cell. Thus, spread of infection occurs not only between neurons, but also between neurons and the nonneuronal cells in which they innervate.
The first description of culturing dissociated neurons in compartmented chambers was published in 1977 by R. B. Campenot and the chambers were subsequently known as Campenot chambers (8) . These compartmented chambers consist of a Teflon ring that is sealed to the surface of a tissue culture dish with silicone grease. Neuron cell bodies that were cultured in one compartment extended axons to a different compartment by penetrating the silicone grease barrier. Despite its obvious importance, the technology has not been used extensively to study spread of infection. The earliest studies of alphaherpesvirus infection in these compartmented chambers focused on virus entry at growth cones (38, 65, 66) . Later, Lycke and colleagues studied viral egress of herpes simplex virus type 1 in infected neurons that were cultured in the compartmented chambers (36) . More recently, transneuronal spread of herpes simplex virus type 1 has also been studied in a dual-chamber system using human fetal neurons from the dorsal root ganglia and skin explants (27, 42, 43, 49) .
In this report, we describe an improved method of culturing peripheral nervous system neurons that enables analysis of transneuronal spread by standard virology, cell biology, and imaging methods. We define spread of infection from the neu-ron soma to target cells connected to distal axons as neuronto-cell spread of infection. We demonstrate that this in vitro system offers technical advantages over its predecessors. Furthermore, data collected not only recapitulates, but also extends what had previously been observable only after animal infection. Unlike the original Campenot chambers, we have employed a Teflon tripartite ring with a sealed central compartment that permits extensive axonal penetration across the barriers, but effectively eliminates leaks and mechanical flaws of sealing ensuring nearly 100% reliability. Neuron cell bodies are always cultured in the soma (S) compartment, while the axons penetrate through the silicone grease barrier and emerge in the central methocel (M) compartment and then in the neurite (N) compartment, where detector cells can be plated (Fig. 1) .
Using the trichamber system to study neuron-to-cell spread of PRV, we describe seven key observations. First, in the absence of any nonneuronal cells, we do not detect any infectious virions released in the medium late during infection from the N-compartment despite extensive infection of the cell bodies in the S-compartment. Second, plating a variety of permissive, nonneuronal cells in the presence of penetrating axons in the N-compartment results in massive neuron-to-cell spread that is entirely dependent on axonal integrity. Third, neuron-to-cell spread of PRV does not require gD, a viral glycoprotein required for infection by extracellular particles. Fourth, gE, gI, and Us9 viral proteins are necessary for wild-type neuron-tocell spread. Fifth, individual gE, gI, and Us9 null mutants have additive kinetic defects in neuron-to-cell spread. Sixth, the attenuated vaccine strain PRV Bartha has a defect in infection and spread to cell bodies after entry at axons. Finally, capsids enclosed within vesicles can be found in both proximal as well as distal regions of the axons.
MATERIALS AND METHODS
Cells and virus strains. The swine kidney epithelial cell line (PK15) and the Madin-Darby bovine kidney cell line (MDBK) were purchased from the American Type Culture Collection (CCL-22). The primary rat embryonic fibroblast (REF) cells were established by N. Ray (Princeton University). The primary pig embryonic fibroblasts isolated from swine lungs were provided by Clinton Jones (University of Nebraska-Lincoln). All nonneuronal cells were cultured in Dulbecco's modified Eagle medium supplemented with 10% of fetal bovine serum and 1% penicillin/streptomycin. All PRV stocks were produced in the PK15 cell line. PRV stocks used in this report include PRV Becker, a virulent isolate (51) and PRV Bartha, an attenuated vaccine strain (33) .
PRV mutants in the PRV Becker background are PRV 758 (gE null) (12a), PRV 160 (Us9 null) (5), PRV 98 (gI null) (62), PRV BaBe (Becker with deletion in Us region) (10) , and PRV 158 (Bartha with Becker Us region) (37) . In addition, PRV GS442 (gD null mutant where the green fluorescence protein gene replaces the gD open reading frame; provided by G. Smith (Northwestern University) was grown in a gD complementing cell line (47) .
Antibodies and fluorescent dyes. Antibodies used in this report includes mouse monoclonal antibodies specific for the PRV envelope protein gB (M2) (24) and the PRV major capsid protein VP5 (IN13) (gift from H. Rziha; Federal Research Center for Virus Diseases in Animals, Tubingen, Germany). The lipid-based dye 1-dilinoleyl-3, 3, 3Ј,3Ј-tetramethylindocarbocyanine-4-chlorobenzenesulfonate (FAST DiI; Molecular Probes) was used to label neuronal membranes. All secondary Alexa fluorophores and the Hoechst nuclear dye were also purchased from Molecular Probes.
Neuronal cultures. Detailed protocols for dissecting and culturing neurons are found in Ch'ng et al. (12) . Briefly, sympathetic neurons from the superior cervical ganglia were dissected from E15.5 to E16.5 pregnant Sprague-Dawley rats (Hill- top Labs Inc., Pennsylvania) and incubated in 250 g/ml of trypsin (Worthington Biochemicals) for 10 min. 1 mg/ml of trypsin inhibitor (Sigma Aldrich) was added to neutralize the trypsin for 3 min and then removed and replaced with neuron culture medium. Prior to plating, the ganglia were triturated into dissociated neurons using a fire-polished Pasteur pipette and then plated in the S-compartment of the Teflon ring placed within a 35-mm plastic tissue culture dish coated with 500 g/ml of poly-DL-ornithine (Sigma Aldrich) diluted in borate buffer and 10 g/ml of natural mouse laminin (Invitrogen). The neuron culture medium consists of Dulbecco's modified Eagle medium (Invitrogen) and Ham's F12 (Invitrogen) in a 1:1 ratio. The serum-free medium was supplemented with 10 mg/ml of bovine serum albumin (Sigma Aldrich), 4.6 mg/ml glucose (J. T. Baker), 100 g/ml of holotransferrin (Sigma Aldrich), 16 g/ml of putrescine (Sigma Aldrich), 10 g/ml of insulin (Sigma Aldrich), 2 mM of L-glutamine (Invitrogen); 50 g/ml or units of penicillin and streptomycin (Invitrogen), 30 nM of selenium (Sigma Aldrich); 20 nM of progesterone (Sigma Aldrich) and 100 ng/ml of nerve growth factor 2.5S (Invitrogen). Two days postplating, the neuronal cultures are treated with 1 M of an antimitotic drug called cytosine ␤-D-arabinofuranoside (Sigma-Aldrich) to eliminate any nonneuronal cells. The neuron culture medium was replaced every three days and cultures were kept in a humidified, CO 2 regulated 37°C incubator. All experimental protocols related to animal use have been approved by The Institutional Animal Care and Use Committee of the Princeton University Research Board under protocol number 1453-AR2 in accordance with the regulations of the American Association for Accreditation of Laboratory Animal Care and those in the Animal Welfare Act (Public Law 99-198).
Trichamber culture system. All Teflon rings were purchased from Tyler Research (Alberta, Canada) and protocols were modified from previously published reports for Campenot chambers (8) . Briefly, all the tools and reagents including the Teflon rings and silicone grease-loaded syringe (Dow Corning) were sterilized via autoclaving prior to assembly. A 10-ml disposable syringe attached to a truncated 18-gauge hypodermic needle was filled with silicone grease. Next, the interior surface of the 35-mm tissue culture dishes was etched with a pin rake creating a series of 16 evenly spaced grooves. These dishes were then coated with 500 g/ml of poly-DL-ornithine (Sigma) followed by 10 g/ml of natural mouse laminin (Invitrogen) and then washed and dried briefly.
Using the silicone grease-loaded syringe, a thin, continuous strip of silicone grease was applied over the entire bottom surface of a Teflon ring. Next, a 50-l drop of neuron medium in 1% methocel (serum free) was placed in the center of each tissue culture dish covering the etched grooves. This prevents the seal from being entirely devoid of moisture, which is needed for axon penetration. Finally, the silicone grease-coated ring was gently seated on the tissue culture dish such that the etched grooves span all three compartments allowing the silicone grease to form a watertight seal between each compartment. Neuron medium was then placed in all three compartments immediately after the chamber was assembled. Once the superior cervical ganglia neurons were dissected and dissociated, approximately one half of a single ganglion (which ultimately resulted in about 5,000 to 6,000 cell bodies) was plated into one of the side compartments, which we define as the S (soma)-compartment (Fig. 1) . Neuron cultures were maintained according to established protocols stated in the previous section.
Assaying neuron-to-cell spread of infection. Neurons were cultured for 2 weeks in the trichamber system with frequent medium changes. After 2 weeks, axon penetration in to the M-and N-compartments was assessed visually and only cultures with comparable axon densities were used for experiments. After axons had penetrated the N-compartment (2 weeks postplating), nonneuronal cells permissive for PRV infection were plated in the N-compartment in neuron medium supplemented with 1% fetal bovine serum to amplify any transmission of infection from the neuronal cell bodies. Unless otherwise stated, PK15 cells were routinely used as detector cells. The plated cells were allowed to attach and interact with the axons for 24 h prior to further manipulation. Next, neuron medium containing 1% methocel was placed in the M-compartment. After 30 min, the neuronal cell bodies in the S-compartment were infected with sufficient virus to infect essentially all cells (approximately 10 5 PFU) for 1 h. We routinely use a high multiplicity of infection (MOI) to infect all neurons. Direct calculations show that the MOI is 100 to 200. However, it is likely that the MOI is considerably less since virions have a tendency to bind to poly-DL-ornithine and laminin that coats the surface of the dish (55) . In addition, virions also bind to cellular debris and membranes on the dish.
Viral inoculum was diluted in neuron medium. After 1 h, the viral inoculum was removed and replaced with neuron medium. The chambers were incubated in a humidified 37°C incubator until the appropriate time when the production of infectious virus in S-and N-compartments was determined. Unless otherwise stated, both intracellular and extracellular virions in the S-and N-compartments were carefully harvested by scraping the bottom of the dish using the pointed end of a gel-loading tip. The cells and medium were then pooled, freeze-thawed, and titered on PK15 cells.
Studying axon-mediated infection of neuronal cell bodies. Briefly, neurons were grown and cultured as described in the previous section. However, no detector cells were plated in the N-compartment. Neuron medium made with 1% methocel was added to the M-compartment and allowed to incubate for 30 min prior to infection. A high-MOI viral inoculum (about 10 5 PFU) was added to N-compartment and incubated for 1 h to allow virus entry. After the 1-hour incubation, the viral inoculum was removed and replaced with neuron medium. At the appropriate time after infection, both intra and extracellular virions were harvested from the S-compartment and titered on PK15 cells.
Indirect immunofluorescence and confocal microscopy. The trichamber system was assembled on the surface of a flexible thermoplastic fluoropolymer film known as Aclar (EM Sciences). Aclar is biochemically inert and exhibits no detectable autofluorescence. Just like setting up the trichamber system on plastic tissue culture dishes, the Aclar was etched with a pin rake, coated with poly-DLornithine and laminin, and the Teflon tripartite ring was assembled and seated on the surface of the Aclar and the entire apparatus was placed in a 35-mm tissue culture dish. All subsequent neuron culture and viral infection protocols are similar to those described in previous sections. After infection of S-or Ncompartments and after the appropriate time, all three compartments were washed once with phosphate-buffered saline and fixed with 3.2% paraformaldehyde for 10 min. The fixative was then removed and the cells were washed three more times with phosphate-buffered saline. At this stage, the Teflon ring was carefully removed and the remaining silicone grease on the Aclar was gently cleared without disrupting the fixed cells.
The Aclar surface was then incubated in phosphate-buffered saline containing 3% bovine serum albumin and 0.5% saponin for 10 min before the addition of primary antibodies for 1 h. After 1 h, the primary antibodies were removed and the sample was washed three times with phosphate-buffered saline containing 3% bovine serum albumin and 0.5% saponin. Next, secondary antibodies were added to the sample and incubated for 1 h. After 1 h, the secondary antibodies were removed and the sample was washed 3 times with phosphate-buffered saline containing 3% bovine serum albumin and 0.5% saponin. The sample on Aclar was then mounted on a glass slide using Aqua poly/mount (Polysciences) and a coverslip was placed on top of the sample. The Aqua poly/mount (Polysciences) was air dried for 24 h prior to imaging.
Electron microscopy. The trichamber apparatus was assembled on Aclar (EM Sciences) as described above. Cell bodies in the S-compartment were infected at high MOI as described above and after 14 h, the chambers were washed twice with phosphate-buffered saline, fixed with 2% glutaraldehyde in 0.2 M sodium cacodylate buffer (pH 7.2) for 4 h, and postfixed with 1% osmium tetroxide in sodium veronal buffer for one hour on ice. Samples were then rinsed with sodium veronal buffer four times and incubated with 0.25% toluidine blue in 0.2 M cacodylate buffer (pH 7.2) for 1 h; the staining solution was then removed with four rinses of sodium veronal buffer (pH 7.2), followed by four rinses with 0.05 M sodium maleate buffer (pH 5.1). Overnight incubation with 2% uranyl acetate in 0.05 M sodium maleate buffer was done in the dark followed by four rinses with 0.05 M sodium maleate buffer (pH 5.1). The fixed samples were then dehydrated with ethyl alcohol, embedded in Epon resin (EM Sciences) and cut into 70-m sections using a Reichert Ultracut E ultramicrotome. Sections were obtained from the S-, M-, and N-compartments and examined using a Leo 912AB transmission electron microscope operated at 80 kV.
RESULTS
Basics of the trichamber culture system. The key components of the trichamber system are shown in Fig. 1 . We label the three compartments S (soma, where neuronal cell bodies are plated), M (middle, methocel barrier), and N (where terminal neurites emerge at least 10 mm distant from the cell bodies). After 2 weeks in culture, these neurites are readily labeled with axonal markers such as the microtubule-associated protein Tau and phosphorylated neurofilament H (58) (data not shown). The plastic surface of the 35-mm tissue culture dish is etched precisely with 16 parallel grooves that help guide axons to penetrate the barrier. The tripartite Teflon ring is then sealed on to the tissue culture dish with a thin ribbon of silicone grease such that the etched grooves run The three compartments are filled with neuron medium and dissociated embryonic superior cervical ganglia neurons are plated in the S-compartment. After 2 weeks, a dense axonal network is present in the S-compartment and a fraction of these axons will extend through the first barrier into the M-compartment and then through the second barrier into the N-compartment. Axon growth is very robust and typically, axons will first appear in the N-compartment after 10 to 12 days in culture.
For accurate comparison of infection data, the axonal densities in the N-compartment are ranked and only chambers with equivalent densities are used in experiments. The cell bodies in the S-compartment can then be infected with virus. However, a crucial step prior to infection of the cell bodies in the S-compartment is the addition of neuron medium with 1% methocel to the M-compartment. The presence of the highly viscous cellulose polymer blocks diffusion of the rare virions that diffuse though the grooves which intersect the S-, M-, and N-compartments. This effectively eliminates any spurious, nonaxon-mediated neuron-to-cell spread of infection.
To assess intercompartmental leakage, we cultured PK15 cells in both the S-and N-compartments of 16 separate dishes. After allowing the cells to settle and attach to the surface, we replaced the neuron medium in the M-compartment with methocel. Next, we infected the PK15 cells in each S-compartment with PRV 180, a strain that expresses the fusion protein mRFP-VP26 (monomeric red fluorescent protein fused to VP26) (17) . Cells in the S-and N-compartments were imaged at 24 and 48 h postinfection and infected cells were assayed by the emission of red fluorescence from mRFP-VP26. Contents of both S-and N-compartments were also titered for infectious virus. In all 16 experiments, only PK15 cells in the S-compartment were infected, producing more than 10 9 PFU/ml (data not shown). None of the PK15 cells in the N-compartments were infected as deduced by lack of mRFP signal and absence of any infectious particles.
Neurons infected with PRV do not retract their axons early during infection.
Our goal was to study how the infection is transmitted from neurons to detector cells. For spread of infection to occur, axons and the growth cones must be intact and not degraded early during infection. We randomly selected and tracked the growth of individual axons during infection by PRV Becker. Briefly, neuronal cell bodies in the S-compartment were cultured for 2.5 weeks before being mock infected or infected at a high MOI with PRV Becker. At this high concentration of virus, all neuron cell bodies were infected (data not shown). Prior to infection, several sets of axons in the N-compartment were randomly selected and phase contrast images were collected. At every hour postinfection for 10 h, another image was taken to chart the growth of the axons. Our results indicate that at least up to 10 h postinfection, growth cones do not collapse and the axons do not retract. In fact, the majority of the axons monitored grew at rates similar to the mock-infected samples (Fig. 2) .
No infectious virions are released from axons in the Ncompartment during late stages of infection at the cell bodies. A set of five chambers were assembled as described in the Materials and Methods. After 2 weeks, the axons penetrated the N-compartment and the cell bodies in the S-compartment were subsequently infected at high MOI with PRV Becker. After 12, 24, and 36 h postinfection, the entire contents of the S-compartment and only the neuron medium in the N-compartment were removed and titered. The average titer in the S-compartment was 2 ϫ 10 6 PFU/ml, but no infectious virions were detected in the N-compartment late during infection (Fig.  3) . Interestingly, at 12 h postinfection, we detected a small number of infectious particles in the N-compartment of two chambers. This observation could not be duplicated with other chambers tested at later time points. We surmise that segments of the infected axons were accidentally harvested during the collection of medium in the N-compartment.
We were also concerned that free particles had a high affinity
Neurons infected with PRV Becker do not retract their neurites early during infection. Cultured neurons in the S-compartment were mock infected (a) and infected with PRV Becker (b) at very high MOI for 10 h. At each hour, phase contrast images were taken using a Nikon Eclipse TE epifluorescence microscope to chart the growth of several randomly selected axons from the N-compartment. Images were processed and axons traced using Scion Image software.
for the polyornithine/laminin-coated surface and hence escaped detection when the neuron medium was collected. Accordingly, we tested this possibility by adding various concentrations of infectious virus to coated chambers in the absence of any cultured cells and incubated them for various times. We added 50 PFU, 500 PFU and 5,000 PFU into each chamber and incubated the dishes for 0, 12, 24, and 36 h. We were able to recover essentially all the infectious units (within a factor of 2) even up to 36 h of incubation (data not shown). Thus, our limit of detection in the titer assays is less than 50 PFU. However, due to the nature of our titering assay, we are unable to rule out the possibility that rare virions might be released from axons.
Neuron-to-cell spread of infection occurs from cell bodies to detector cells in the N-compartment. To detect rare infectious particles that might be released from axons, we plated various cell lines in the N-compartment. We started this experiment by plating only PK15 cells and it was only after our initial observations that we extended this experiment to other cell types. These permissive cells are capable of amplifying the presence of any infectious virions. After 2 weeks of growth, when axons from neuronal cell bodies in the S-compartment had penetrated into the N-compartment, we plated the various cell types from different species, different tissues and at different states (primary cells or transformed cell lines) in the N-compartment. The cell lines were: pig kidney epithelial cells (PK15), MadinDarby bovine kidney cells (MDBK), primary rat embryonic fibroblasts (REF), and primary pig embryonic fibroblasts from the lungs (PEFL). Once complete monolayers were formed in the N-compartment after 24 h postplating, neurons in the S-compartment were infected at a high MOI with PRV Becker. At 48 h postinfection, infected cells and medium were harvested from both S-and N-compartments and titered on PK15 cells. First, the presence of other cell types in the N-compartment has no effect on PRV replication and release of virus from the cell bodies in the S-compartment. Second, we were surprised to see that infection spread from the S-compartment to all cell types tested (Fig. 4) . Since we had not detected any significant release of infectious particles from axons without detector cells, we suspected that neuron-to-cell spread of infection is occurring via axons or growth cones.
Spread of infection from infected cell bodies to detector cells requires intact axons. To confirm that axons are required for neuron-to-cell spread, we plated PK15 cells as detector cells in the N-compartment and allowed them to form a monolayer in the presence of axons. At 24 h postplating, the neuron cell bodies in the S-compartment were infected with PRV 180. For half the samples, we physically severed the axons in the Mcompartment with a scalpel upon removal of virus inoculum after 1 hour of incubation. The remaining samples were left untreated. After 24 h postinfection, contents from both the Sand N-compartments were harvested and titered. In addition, we monitored mRFP-VP26 expression in the PK15 cells as an indicator of infection (data not shown). Our results indicate that transmission of infection absolutely requires the presence of intact axons. Spread of infection is completely blocked by physically severing axons from their cell bodies (Fig. 5A) . We also conclude that transmission of infection does not occur through passive leakage by diffusion of the extracellular virus particles across the M-compartment.
Next, we visualized the penetration of axons into the Ncompartment containing PK15 cells using DiI, a fluorescent lipophilic dye. DiI spreads quickly through neuronal membranes and labels neuritic extensions and axons from cell bod- In addition, we added DiI to the S-compartment to visualize the axons. We observed that DiI rapidly incorporates into all lipid membranes within the cell body and is transported along the axons all the way to the growth cones in the N-compartment. As expected, all the neuron cell bodies in the S-compartment were labeled with VP5 (Fig. 5B, a to c) . The DiI labeling enables visualization of an extensive and unorganized neuritic network in the S-compartment and a much more organized, parallel bundle of axons in the M-compartment (Fig. 5B, d to f). As expected, many PK15 cells in the N-compartment were infected and labeled with antibodies to VP5 (Fig. 5B, g to i) . The majority of infected PK15 cells were located close to the central barrier where the axons first enter the compartment. Interestingly, infected PK15 cells were often in clusters and tightly associated with dense patches of DiI-labeled membranes. These DiI patches were at apparent termini as well as along axons (Fig. 5B, h, solid arrow) . We believe that these hot spots for DiI labeling either are varicosities, sites of contact with detector cells, growth cones, or contact sites with the plastic surface (Fig. 5B, i, solid arrowheads) . We also observed infected PK15 cells in other regions within the N-compartment where DiI-labeled axons are not present. As these infected cells appeared later after infection was established in the PK15 cells, spread of infection presumably occurred by extracellular virions released in the medium from the initially infected PK15 cells that were in contact with axons.
Neuron-to-cell transmission of infection to PK15 detector cells does not require gD.
Next, we tested if neuron-to-cell infection of PK15 cells occurs via a neuron-cell interaction or by infectious free virions. The viral envelope protein gD is absolutely required for infection mediated by extracellular virions; however, PRV gD is not required for direct cell-cell spread of infection in vitro and in vivo (2, 46, 48, 52). We infected cell bodies in the S-compartment with either PRV Becker or PRV GS442, a gD null mutant that expresses green fluorescent protein (GFP). We produced infectious PRV GS442 by growing virus stocks on a gD-expressing cell line. Complemented viruses can infect once, but the resulting progeny do not contain gD and hence these gD null extracellular particles are noninfectious. If PRV GS442 can spread from neurons to PK15 cells, such spread cannot be mediated by standard infectious virions.
At 24 h postinfection, infected neurons and PK15 cells were harvested from the S-and N-compartments and titered. PRV Becker replicated in the cell bodies and infection spread to PK15 cells in the N-compartment. We detected no plaques in the N-compartment, but we did detect a few hundred PRV GS442 GFP-positive plaques in the S-compartment that most likely reflect residual extracellular complemented particles remaining from the input inoculum (Fig. 6A) . The critical experiment was to look for evidence of axon-to-PK15 spread of infection. Indeed, by autofluorescence of GFP or by immunofluorescence, we could easily identify many clusters of GFPexpressing PK15 cells in the N-compartment (Fig. 6B) . The clusters of infected PK15 cells ultimately form plaques and always lie adjacent to a DiI-labeled axon. At 14 h postinfection, all plaques were located near the central barriers where axons are found in the highest concentration. No infected PK15 cells were detected on the far edges of the Teflon ring in the Ncompartment devoid of axons. Interestingly, we observed an increase of DiI staining in PK15 infected cells beyond the background signal. We conclude that neuron-to-cell transmission of infection to PK15 cells does not require gD, which, in turn, suggests that spread is not by typical gD-mediated extracellular infectious virions.
PRV Bartha is defective in neuron-to-cell spread of infection. PRV Bartha is an attenuated virus defective in anterograde spread from presynaptic neurons to postsynaptic neurons in a variety of animal models reviewed in (20) . However, it retains the ability for retrograde spread from postsynaptic to presynaptic neurons and is widely used to trace neuronal circuits (19) . This remarkable phenotype is due primarily to a small deletion that removes all or some of the coding sequences for gE, gI, and Us9 (33, 34, 40, 50) . Using the trichamber system, we tested if PRV Bartha exhibited the same neuron-to-cell defect in vitro as observed in infection of neural circuits in animal models.
Superior cervical ganglia neurons were plated in the S-compartment, and 2 weeks later PK15 cells were plated in the presence of axons in the N-compartment. A day later, cell bodies in the S-compartment were infected at high MOI with PRV Becker or PRV Bartha. After 48 h, cells and medium from the S-and N-compartments were harvested and titered. PRV Bartha was completely defective in neuron-to-cell spread to the detector cells since no infectious particles were detected in the N-compartment. In comparison, more than 10 8 PFU/ml were produced in the N-compartment after PRV Becker infection (Fig. 7A) . Even with the amplification potential of the detector cells and 48 h of incubation, no PRV Bartha infectious virions were ever detected in the N-compartment. In addition, by immunofluorescence, we found that despite the abundance of DiI-labeled axons, no infected PK15 cells were ever found (Fig. 7B) . This massive neuron-to-cell spread defect indicates that the anterograde spread defect previously observed in neuronal circuits of animal models was recapitulated in this in vitro model. Individual gE, gI, and Us9 null mutants are partially defective in neuron-to-cell spread of infection. In animal studies, deletion of any one of the three genes, gE, gI, or Us9, not expressed by PRV Bartha impaired the ability of the virus to spread from pre-to postsynaptic neurons (1, 5, 10, 11, 57, 62) . Given the striking defect of PRV Bartha in the trichamber system, we examined the contribution of these three genes to neuron-to-cell spread.
PK15 cells were plated on 2-week-old axons in the N-compartment. Neurons in the S-compartment then were infected at high MOI with PRV Becker, PRV 758 (gE null), PRV 98 (gI null), or PRV 160 (Us9 null). Twenty-four hours later, the contents of the S-and N-compartment were removed and titered (Fig. 8A) . Surprisingly, unlike PRV Bartha, these mutants were partially defective in neuron-to-cell spread. Since the PK15 cells can amplify an infection, lower titers must reflect a kinetic defect in spread from neurons to PK15 cells given that these mutants have almost no replication defect in PK15 cells (6, 41) . We also conducted a similar experiment using PRV 174, a Us2 null mutant, since Us2 is also partially These results indicate that the trichamber system is more sensitive than animal infections and can detect kinetic defects in neuron-to-cell spread.
To verify that there is a kinetic defect in spread from neurons to PK15 cells, we compared a time course infection of PRV Becker and PRV 758 (gE null). Neurons in the S-compartment were infected at high MOI and the spread of infection to PK15 cells in the N-compartment was assayed at 0, 12, 24, and 36 h after infection. At 12 h postinfection, PRV Becker has successfully spread and infected a substantial number of PK15 cells in the N-compartment. However, at this time, no infectious particles were detected in the PRV 758 infection. At 24 and 36 h postinfection, PRV 758 virions could be detected in the N-compartment at steadily increasing amounts (Fig. 8B) . This experiment confirms that the gE null mutant spreads more slowly from neurons to PK15 cells, but once PK15 cells are infected, the infection is amplified at the same rate as a wild-type virus infection. Eventually, all the PK15 cells in the N-compartment will be infected and the amount of newly replicated gE null and PRV Becker virions will be identical.
It is likely that the gE, gI, and Us9 proteins have an additive, if not synergistic, effect on neuron-to-cell spread, given that PRV Bartha is completely defective. To test this hypothesis, we utilized two viral mutants in our collection: PRV BaBe is a PRV Becker mutant that carries the PRV Bartha Us deletion removing gE, gI, Us9, and part of the Us2 gene. Conversely, PRV 158 is a PRV Bartha mutant whose Us region has been restored with the gE, gI, Us9, and Us2 genes derived from PRV Becker. PRV Becker, PRV Bartha, PRV 158, and PRV BaBe were used to infect neurons in the S-compartment at a high MOI. As previously described, the titer of infectious virions in the S-and N-compartments was determined after 24 h postinfection. PRV BaBe is as defective in neuron-to-cell infection as is PRV Bartha (Fig. 8C) . No infectious particles were recovered in the N-compartment. However, when the Us region is restored in PRV 158, neuron-to-cell spread is identical to PRV Becker. We conclude that the deletion of all three viral proteins gE, gI and Us9 is sufficient to recapitulate the neuron-to-cell spread defect by PRV Bartha. Viral capsids in axons are enveloped and enclosed in a vesicle. Recently, our laboratory reported that during egress, viral capsids localized within proximal axons were enclosed within vesicles (17) . The trichamber system enables a further extension of these observations to distal axons. A technical difficulty in analysis of infected axons by electron microscopy is that the distribution of capsids in axons markedly decreases from the proximal to distal segments of the axons. By analyzing the distal axons in the M-compartment that were always higher in density, we increased the chances of finding viral capsids. In Fig. 9e and 9g , we illustrate a typical finding of capsids in axons enclosed within vesicles. Corresponding enlarged images of the capsids are shown within each respective inset ( Fig. 9f and h ). These particles, located mid-axon, were generally single capsids enclosed within an intact membrane, and were rarely found clustered in axonal swellings or enlargements. Electron micrographs of vesicle-enclosed capsids found in the neuron cell bodies (Fig. 9a and b) and in the proximal segment of the axon as it leave the cell body ( Fig. 9c and d) are also shown in Fig. 9 . Studying axon-mediated infection of cell bodies using the trichamber system. We added 10 5 PFU to the N-compartment that was filled with axons, but without any PK15 cells. After a 1-hour incubation, the inoculum was removed and replaced with neuron medium and the infection was allowed to proceed for 24 h before the neurons and medium in the S-compartment were harvested and titered on PK15 cells. We expected that the virions would enter axons and travel to infect the neuron cell bodies. As expected, a productive infection with PRV Becker in the S-compartment generated 10 5 PFU. We found that a similar infection by PRV Bartha yielded titers in the S-compartment that were consistently lower compared to PRV Becker (Fig. 10A) . This finding was replicated in five independent experiments. This result suggests that PRV Bartha has a modest defect either during entry, uncoating, axonal transport or subsequent events in the cell body compared to PRV Becker. This conclusion supports more qualitative observations that PRV Bartha spreads more slowly in vagus neurons of rats than does PRV Becker (11, 64) . Preliminary evidence suggests that the rate of axonal transport of PRV Becker and Bartha capsids during entry is identical (Raldow, Ch'ng, and Enquist, unpublished data).
To aid in visualizing the axons, we added DiI to the axon terminals in the N-compartment. At 14 h postinfection, neurons were fixed and labeled with antibodies against VP5. Confocal microscopy images reveal that not all cell bodies in the S-compartment were labeled with DiI. This observation reflects the fact that not all cell bodies extend axons into the N-compartment. We found that a subpopulation of cell bodies were colabeled with VP5 and DiI (Fig. 10B ). In addition, we could also locate cells that were infected (VP5 positive) but had no DiI staining. These infected neurons most likely represent second-order infections resulting from spread from the initially infected neuron to other uninfected cells in the Scompartment that do not have axonal projections into the N-compartment.
We attempted to map the Bartha spread defect in axonmediated cell body infection. Approximately 10 5 PFU of PRV Becker, PRV 758, PRV 98, and PRV 160 were incubated for 1 h in the N-compartment to allow entry of infectious particles into axons. At 24 h postinfection, the medium and neuron cell bodies in the S-compartment were harvested and titered on PK15 cells. All three viral mutants spread to the cell bodies and yielded comparable viral titers to PRV Becker (Fig. 10C) . We conclude that the gE, gI and Us9 proteins have no obvious role in axon-mediated cell body infection.
DISCUSSION
The trichamber system provides a simple and tractable method for studying neuron-to-cell transmissions of infection in vitro. The presence of both the central Teflon barriers and the methocel diffusion barrier virtually eliminate virus leakage between compartments, providing a reliable method for virus infection studies. In addition, sensitive titer analyses to assess neuron-to-cell spread can be coupled with high resolution confocal microscopy imaging and electron microscopy of neuron cell bodies, axons and terminal processes.
In this report, we describe neuron-to-cell spread of infection from cultured superior cervical ganglia neurons to a variety of different cell types permissive to PRV. This robust spread requires intact axons, the presence of the gE, gI, and Us9 proteins, and is not mediated by gD. In addition, such spread requires viral mediated fusion as we could not detect any neuron-to-cell spread in PK15 cells when neurons were infected with complemented gB null virions (data not shown) (2, 3) . By these criteria, we suggest that this system is a surrogate for transneuronal anterograde spread as defined by spread of infection from infected presynaptic neurons to postsynaptic cells in close contact. However, the trichamber system is not merely a substitute for animal infection studies, but rather provides a more sensitive assay free from the influence of the host immune system or other host cell interactions that may complicate observations. Several new observations and insights have emerged from our studies. Despite a robust viral infection, axons do not retract and growth cones remain active early during infection. Our observations are consistent with those of Ziegler and Poros for herpes simplex virus type 1 infections of rat dorsal root ganglia (65) . The lack of an effect of infection on axon growth is important since retraction after infection would result in the disruption of most cellular interactions critical for neuron-to-cell transmission of infection from neurons to target cells. Although axons start to degenerate and break apart approximately 48 h postinfection (data not shown), it is clear that the normal cellular interactions early after infection are maintained, allowing the infection to spread from the neuron to the detector cells.
PRV gD is an essential viral ligand required for the entry and fusion of extracellular virions to cells by binding various cellular receptors, including herpesvirus entry mediator (HVEM), nec- tin-1, and nectin-2 (23, 44, 61) . In the rodent nervous system, gD is required for transneuronal spread of herpes simplex virus type 1 but not required for transneuronal spread of PRV (2, 18, 32, 46, 48) . Using the trichamber system, we demonstrate that the gD receptor is not required for spread between neurons to detector cells. Our data imply that mature extracellular infectious particles may not be involved in this neuron-to-cell transmission of infection and that the spread of infection occurs through a yet uncharacterized neuron-cell interaction.
While most sympathetic neurons are noradrenergic and are not known to form synapses with epithelial cells, a small fraction of sympathetic neurons are cholinergic and have been shown, both in vivo and in vitro, to form functional cholinergic synapses with secretory epithelial cells such as sweat glands (22, 28, 53) . In addition, various growth and differentiation factors secreted by different cell types, including neurotrophin-3, ciliary neurotrophic factor, leukemia inhibitory factor, cardiotrophin-1, oncostatin, and fibroblast growth factor have been shown to induce the switch of neurotransmitter release (7, 21) . In short, it may be that functional synapses exist between the superior cervical ganglia neurons and the various permissive cells plated in the N-compartment.
While we suggest that neuron-to-cell infection occurs via a specific interaction between the neurons and detector cells, it is not yet clear how the infection actually is being transferred to the detector cells. It may be that mature virions released from the axon terminals infect adjacent PK15 cells in a gDindependent process. If so, viral entry can occur only within the confines of a neuron-cell junction or synaptic cleft where a different set of receptors could allow for the fusion and entry of the virus. It is also plausible that the neuron-cell interaction results in the fusion of membranes between the growth cones and PK15 cells, forming a type of syncytium. Formation of multinucleated syncytia due to membrane fusion of alphaherpesvirus-infected cultured cells has been well documented (16, 29, 39, 45, 60) . Interestingly, we observed an increase of the fluorescent lipophilic dye DiI in infected PK15 cells that is above the background signal. The localization of DiI in PK15 cells correlates well with PRV-infected cells. DiI diffusion across membranes is thought to occur only if the membranes are continuous and fused or if cells have a unique interaction, such as cell junctions where the membranes are in close opposition (4).
The fact that gE, gI, and Us9 null mutants are delayed in neuron-to-cell spread complements our observations that gE null and Us9 null-infected neurons have dramatically reduced concentrations of selected viral structural proteins in the distal segments of the axon including varicosities and growth cones (12a, 58) . Each mutant has a graded but not a complete defect in axonal localization. We suggest that the inefficient targeting and subsequent reduced concentration of viral proteins in axons is the primary reason for the partial defect in anterograde transmission of infection. When all three viral genes are deleted in PRV Bartha or PRV BaBe, the cumulative axonal targeting defects result in the absolute failure of anterograde spread of infection.
The trichamber system also can be used to study axonmediated infection of neuron cell bodies. We discovered that PRV Bartha is not only is defective in anterograde transmission of infection, it is also moderately defective in axon-mediated infection of neuronal cell bodies. This defect could occur at various stages during infection, including, but not limited to, viral entry, uncoating, axonal transport, or upstream defects once the viral genome enters the cell body. Preliminary study of viral capsid movement in axons during entry indicates that PRV Becker and Bartha capsids have similar average velocities.
Analysis of infected axons by electron microscopy reveals viral capsids enclosed within cellular membranes in both proximal and distal axons. Two models have been proposed for the transport of viral capsids in axons during egress. The first model was proposed by Penfold et al. (49) . The authors discovered that the rare herpes simplex virus type 1 capsids found in the axons of infected human fetal neurons were unenveloped and associated with tegument proteins, but not with viral membrane proteins (27) . These authors also reported that capsids, but not viral glycoproteins, enter axons after brefeldin A treatment. Penfold et al. proposed that alphaherpesviruses were transported in axons as viral protein subassemblies rather than fully mature virions. Unenveloped capsids would be transported separately from glycoprotein-loaded vesicles, and these viral components would be reassembled into mature virions at specific sites of assembly along the distal segments of the axon. The second model posits that mature viral particles are packaged into transport vesicles in the cell body and subsequently are targeted to the axon and transported toward a distal site. These vesicle-enclosed and axonally targeted virions are not unlike the mature virions destined for release at the plasma membrane. Most of the evidence for the second model came from electron microscopy studies of infected neurons (9, 15, 25, 26, 30, 31, 35, 63) .
We recently reported that axonal targeting of all tested PRV structural proteins, including viral capsids, is blocked by brefeldin A treatment (17) . We hypothesized that for viral capsids to enter axons, they must be enclosed within cellular membranes. Electron micrographs of viral structures in axons were consistent with this idea (17) . However, we were unable to distinguish whether the viral capsids were located in the proximal or distal axons. Furthermore, we could not completely rule out the possibility that the vesicle-enclosed viral capsids resulted from endocytosis of mature virions from the input inoculum.
Using the trichamber system, the input viral inoculum is physically isolated from the axons that were processed for electron microscopy. Thus, endocytosis of mature virions from the inoculum can be ruled out. Our electron micrographs indicate that capsids in cellular membranes can be detected within both proximal and distal segments of the axon during viral egress. The majority of membrane-bound capsids are located midaxon as single structures and not adjacent to any discernible axonal swelling or potential sites of assembly. Thus, we conclude that during viral egress, PRV capsids enter axons and are transported in cellular membranes. The nature of the viral particle as well as the cellular membrane remains to be determined (17) . Our data suggest that these particles are most likely mature virions. However, it is possible that a subpopulation of capsids found in axons is enclosed within membranes derived from the trans-Golgi network, but do not represent mature infectious virions.
In summary, we have demonstrated the versatility of the trichamber system for studying the infection and subsequent neuron-to-cell spread of infection of an alphaherpesvirus from primary cultures of rat sympathetic neurons. This system is adaptable for culturing other types of neurons and target cells as well as for studying different infectious agents that invade the nervous system.
